Graphene nanoribbons with perfect edges are predicted to exhibit interesting electronic and spintronic properties [1] [2] [3] [4] , notably quantum-confined bandgaps and magnetic edge states. However, so far, graphene nanoribbons produced by lithography have had rough edges, as well as low-temperature transport characteristics dominated by defects (mainly variable range hopping between localized states in a transport gap near the Dirac point [5] [6] [7] [8] [9] ). Here, we report that one-and two-layer nanoribbon quantum dots made by unzipping carbon nanotubes 10 exhibit well-defined quantum transport phenomena, including Coulomb blockade, the Kondo effect, clear excited states up to ∼20 meV, and inelastic co-tunnelling. Together with the signatures of intrinsic quantum-confined bandgaps and high conductivities, our data indicate that the nanoribbons behave as clean quantum wires at low temperatures, and are not dominated by defects.
Graphene nanoribbons with perfect edges are predicted to exhibit interesting electronic and spintronic properties [1] [2] [3] [4] , notably quantum-confined bandgaps and magnetic edge states. However, so far, graphene nanoribbons produced by lithography have had rough edges, as well as low-temperature transport characteristics dominated by defects (mainly variable range hopping between localized states in a transport gap near the Dirac point [5] [6] [7] [8] [9] ). Here, we report that one-and two-layer nanoribbon quantum dots made by unzipping carbon nanotubes 10 exhibit well-defined quantum transport phenomena, including Coulomb blockade, the Kondo effect, clear excited states up to ∼20 meV, and inelastic co-tunnelling. Together with the signatures of intrinsic quantum-confined bandgaps and high conductivities, our data indicate that the nanoribbons behave as clean quantum wires at low temperatures, and are not dominated by defects.
In this study, we focused on graphene nanoribbons with width w ≈ 10-20 nm ( Fig. 1 ) and with expected bandgaps of E g ≈ 1 (eV)/w (nm) ≈ 50-100 meV (ref. 2) . Recent transmission electron microscopy (TEM, Fig. 1c ), aberration-corrected TEM ( Supplementary Fig. S1 , ref. 11) and scanning tunnelling microscopy (STM) measurements 12 revealed that an appreciable fraction of nanoribbons in our samples exhibited smooth edges with little roughness, although some exhibited edge roughness on the order of 1 nm. About 70% of nanoribbons in our samples are non-AB-stacked bilayer ribbons ( Supplementary Fig. S1 ), with 10% being singlelayer ribbons 11 . The electrical properties of a large number of the nanoribbons exhibited variability, and a fraction of nanoribbons with short lengths (,100 nm) showed high conductance up to 7e 2 /h (Supplementary Fig. S5 ) and 'clean' quantum transport characteristics at low temperatures. Figure 2a plots the room-temperature conductance-back-gate voltage G-V gs characteristics of a high-quality nanoribbon device ('GNR1') with a ribbon width of w ≈ 14 nm and channel length of L ≈ 86 nm (Fig. 2a, lower inset) . The nanoribbon showed a topographic height of 1.0 nm after electrical annealing to remove physisorbed species 13 , corresponding to either a single-layer or bilayer nanoribbon 10, 13 . The device exhibited a high p-channel conductance of G . 4e 2 /h at room temperature (Fig. 2a) . The resistance mainly came from quantum resistance at the contact of the graphene nanoribbon, and we estimated our contact transparency to be 70% near the 'on' state. The conductivity s ¼ GL/w ≈ 0.97 mS and the calculated peak field-effect mobility
(where the gate capacitance C g ¼ 0.41 aF was calculated using three-dimensional electrostatic simulation 14 ) were much higher than those of previously reported nanoribbons (s ≈ 0.1-0.3 mS, m ≤ 700 cm 2 V 21 s
21
) with similar widths and numbers of layers (≤2) 10, [15] [16] [17] . Note that for short channel devices, the so called 'ballistic mobility' and parasitic resistance could make the extracted mobility value lower than the mobility due to scattering 18 . The p-channel conductance of the nanoribbon increased as it was cooled from 290 K to 50 K (Fig. 2a, upper inset  20 ) . At low temperatures (, 60 K), conductance at the Dirac point exhibited a drastic ( 100-fold) dip in a narrow gate range (DV gs ≈ 2 V) without any resonance-like sharp peaks due to localized states within the dip 5 ( Fig. 2b, Supplementary Fig. S6 ), suggesting an intrinsic bandgap of the nanoribbon 1,2 rather than the defectinduced transport gap (see Supplementary Information for our control experiments on lithographic ribbons) [5] [6] [7] [8] [9] . Considering the asymmetrical Schottky barriers for electrons and holes at the palladium contacts, we used the non-equilibrium Green's function (NEGF) approach to fit the experimental minimum conductance as a function of temperature to extract E g ≈ 72+18 meV for this w ≈ 14 nm ribbon ( Supplementary Fig. S2 , see Supplementary Information for details).
At a base temperature of 2 K, the p-channel conductance of GNR1 was above 3e 2 /h (Fig. 2b, inset) . The conductivity was up to 20 times higher than previous nanoribbons with similar widths at low temperatures [5] [6] [7] [8] [9] 16 . Near the bandgap, the nanoribbon behaved as a single quantum dot confined between the leads, and charge transport was through single electron charging 21 . We observed two prominent large diamonds (size, 60-70 meV) near zero V gs , presumably corresponding to the bandgap region 22 , but the origin of two large centre diamonds was unclear. A single large central diamond (with the size of E g plus charging energy) corresponding to the bandgap separating the electron and hole branches was expected, as in the case of semiconducting carbon nanotubes 22 . We note, however, that the appearance of two central diamonds varied in different cool downs. In another cool down of the same ribbon, a single large diamond was observed ( Supplementary Fig. S3 ). Also, gate-switching events (Fig. 2c,  Supplementary Fig. S3 ) appeared common for nanoribbon devices due to the sudden change in the charge environment of the nanoribbons. These observations suggested that less intrinsic factors could be involved, possibly involving mobile adsorbates or charge impurities on or near the nanoribbons. Such effects have been suggested to induce mid-gap states in graphene nanoribbons 23 , which could cause deviation from the single central diamond expected for the bandgap region.
On both sides of the bandgap region, regular Coulomb-blockade diamonds associated with charging through a single graphene nanoribbon quantum dot (suggested by closed periodic diamonds, Figure 1 | High-quality unzipping-derived graphene nanoribbons. a, AFM image of a typical high-quality as-made graphene nanoribbon (GNR, w ≈ 27 nm) next to a carbon nanotube (CNT) on the substrate. The obvious difference in height can be used to distinguish them. The nanoribbons are typically 0.3-0.6 nm higher than those made from exfoliated graphene with the same number of layers as a result of the PmPV coatings introduced in the synthesis 10, 13 . h, height; w, width; d, diameter. It appears from the trace of the nanoribbon and nanotube that they have approximately equal widths. This is because (1) the trace is more parallel to the orientation of the nanotube and (2) the AFM tip-size effect 15 depends on the height of the structure, with the higher nanotube therefore causing more widening due to the conical shape of the AFM tip. b, AFM image of GNR1 (w ≈ 14 nm; discussed in the main text) before device fabrication. We carefully carried out AFM after device fabrication to ensure that only the nanoribbon was connected by the leads. c, TEM image of a w ≈ 17 nm graphene nanoribbon with subnanometre edge roughness. in clear contrast to dots in series or parallel in previous nanoribbons 6, 7 ) were observed, with the number of holes and electrons in the dot being assignable (Fig. 2d,e) . We noticed slight asymmetry for Coulomb diamonds in the electron and hole branches, probably due to asymmetric tunnel barrier owing to the high-work-function palladium contact. The size of the diamonds along the bias voltage V ds axis in the electron branch (n-channel) was E add ≈ 28 meV (Fig. 2d) , consistent with the charging energy E c ¼ e
.48 aF is the total capacitance of the quantum dot 22, 24 (C s and C d are source and drain capacitances, respectively, and gate capacitance C g ¼ e/DV gs ¼ 0.43 aF based on the size of the diamonds DV gs ≈ 0.37 V along V g , very close to that from the 3D electrostatic simulation).
We observed several discrete lines parallel to the edges of Coulomb diamonds (Fig. 2d) , which were attributed to transport through discrete excited states in the nanoribbon quantum dot 25, 26 due to quantization along the length of the nanoribbons 22, 27 . The first two measured energy levels outside diamond 1 could be assigned as the first and second excited states, D1 21 ¼ 3.6 meV and D1 31 ¼ 16.2 meV, respectively, where )) is the single-particle level above the ground state. In light of the uncertainties in the nanoribbon structures (number of layers and edge structures), we used a simple model based on quantization of tight-binding Hamiltonians in the width and transport directions with particle-in-a-box boundary conditions to qualitatively understand the excited-states energy (see Supplementary Information for details). As shown in Supplementary Table S1, the calculated E g and D1 n1 for single-and several non-AB-stacked bilayer nanoribbons were qualitatively in agreement (within a factor of 3) with experiments. Quantitative comparison, however, was not possible due to the lack of detailed structural information.
In the hole branch, the Kondo effect 28, 32 was observed at 2 K as enhanced conductance at zero bias inside the odd-hole-number Coulomb diamonds (Fig. 2e, see the Kondo ridge or zero-bias horizontal lines in the 2D conductance plot). The differential conductance at zero bias showed the pairing of peaks, with nonzero intravalley conductance (Fig. 2e) . The Kondo resonances were attributed to exchange interaction between a localized electron spin in the quantum dot and the delocalized electron spins in the metal leads. In the odd-number diamonds, the unpaired spin can form a spin singlet with electrons in the leads to give high conductance 28 . We can roughly estimate the Kondo temperature T K from the bias at which the Kondo resonance is suppressed in the Kondo ridges 34 . From the G versus V ds plot in the inset to Fig. 2e , this energy scale is on the order of 1 meV (the width of the Kondo resonance peak near zero bias is 2 mV), corresponding to T K ≈ 10 K, which is about an order of magnitude higher compared with carbon-nanotube quantum dots 34, 35 . Recently, T K was found to be as high as 30-90 K in defective graphene, attributed to strong coupling of Dirac electrons to magnetic defects 36 . Several other interesting transport phenomena were also present in GNR1. In Fig. 2e , finite (non-zero) conductance regions can be observed inside several even-hole-number diamonds beyond horizontal lines intersecting the excited state lines at the edge of the Coulomb diamonds. These were attributed to inelastic co-tunnelling of carriers through an excited state when the addition energy exceeded the single-particle level spacing 26 . In the p-channel away from the bandgap (V gs ≈ 230 V), phase-coherent transport and low contact barriers leading to Fabry-Perot-like interference were observed 19 ( Supplementary Fig. S4 ). At 50 K, we observed conductance plateaux spaced by e 2 /h in GNR1 and other ribbons ( Supplementary Fig. S10 and Supplementary Information), likely due to sub-bands in graphene nanoribbons, as suggested previously 38, 39 . Well-defined quantum transport features were also observed in longer graphene nanoribbons (L . 100 nm), although less frequently, suggesting a higher likelihood of defects and perturbing environmental effects in longer nanoribbons. Figure 3 shows results for a nanoribbon device (GNR2) with a longer L ≈ 140 nm channel (w ≈ 17 nm; Fig. 3a, inset) , exhibiting G ≈ 4e 2 /h in the p-channel and peak field-effect mobility m ≈ 3,200 cm 2 V 21 s 21 at room temperature. Variable temperature measurements again confirmed a single sharp dip in conductance near the bandgap (Fig. 3a) and E g ≈ 60+17 meV was estimated (Supplementary Fig. S2 ). At T ≈ 3.3 K, the conductance was suppressed near the bandgap, and regular Coulomb diamonds in both hole and electron branches were observed, separated by two relatively large diamonds similar to GNR1 (Fig. 3c) . In the hole branch, we observed up to seven regular diamonds, with the sizes of the diamonds or single electron addition energy E add following an even-odd pattern 22 (Fig. 3b) . The even numbers of diamonds were larger than the corresponding odd diamonds because of the extra single-particle level spacings, which could be readily extracted (Supplementary Table S2 ). In carbon nanotubes, electronic states are fourfold degenerate because of spin and valley degeneracy, and fourfold shell filling has been observed 33, 37 . In nanoribbons, however, valley degeneracy is lifted due to the different boundary conditions 1,2 , resulting in twofold spin degenerate states. The extracted energy-level spacings (Supplementary Table S2 , Fig. 3f ) agreed qualitatively with our theoretical calculations based on twofold degenerate states in graphene nanoribbons.
We observed a wealth of well-defined excited states up to 20 meV in nearly all the Coulomb diamonds (Fig. 3d,f ) , and assigned them to the single-particle energy-level spacings based on the ground-state configuration of the quantum dot and our calculations (see Supplementary Information) . Using the same modelling approach as for GNR1, we found that the D1 n1 were again of the same order of magnitude as the experimentally observed excited-states spectra, as were the sizes of the even-odd diamonds (Supplementary Table S2 ). We also carried out numerical simulation of Coulomb diamonds and excited states to quantitatively match our experiments (Fig. 3e, see Supplementary Information). The origins of some excited states are unclear and require further investigation, such as the three lines terminated on diamond 0 with energies 8 meV, 18 meV and 213 meV, respectively (Fig. 3d, Supplementary Fig. S9 ). These states have much higher energy than D1 21 and are possibly a result of interaction effects 22 . Figure 4 presents transport data for a third graphene nanoribbon device (GNR3: w ≈ 14 nm, L ≈ 60 nm, Fig. 4a inset) , which also exhibits a high p-channel conductance and a sharp dip near the Dirac point at low temperatures, with an estimated E g ≈ 49+ 15 meV (Supplementary Fig. S2 ). At 4.2 K, the differential conductance plot near the Dirac point showed a single large diamond corresponding to the bandgap, albeit with a gate switching event at V gs ≈ 8 V (Fig. 4b) .
Our control experiments found that lithographically patterned graphene nanoribbons 30 generally showed lower conductance and defect dominant transport characteristics at low temperatures (see Supplementary Information and Supplementary Fig. S6 ), similar to previous reports [5] [6] [7] [8] [9] . A fraction of nanoribbon devices from unzipped nanotubes did not show well-defined quantum transport signatures, especially for long nanoribbons (Supplementary Information and Supplementary Figs S7, S8 ). These nanoribbons also exhibited lower conductance and mobility, probably due to a lower ribbon quality.
Taken together, our results show that the quantum transport features of graphene nanoribbons are highly reflective of ribbon quality. We note that a recent paper reported improved quality of graphene nanoribbons derived from heavily oxidized nanotubes by annealing 31 . However, signatures of a transport gap were still present in those nanoribbons. The room-temperature on-state conductivities of GNR1 and GNR2 shown here are 700 and 800 times higher than a typical device reported in ref. 31 . Our graphene nanoribbons differ from carbon nanotubes, with a fraction of the ribbons exhibiting conductance levels exceeding 4e 2 /h, as well as twofold electron shell filling, and from previous lithographic nanoribbons without overwhelming effects of the transport gap. High-quality graphene nanoribbons may have potential as new types of quantum wires for exploring new physics (such as magnetic edge states 2, 3 ) and device concepts (such as spin qubits 4 ) not possible in seamless nanotubes.
Methods
Graphene nanoribbon making. High-quality nanoribbons were synthesized from multiwalled carbon nanotubes according to the method in ref. 10 . Briefly, multiwalled carbon nanotubes (Aldrich 406074-500MG, produced by the arc discharge method: diameter, 4-15 nm; number of walls, [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] were calcined at 500 8C for 2 h. The calcined nanotubes (15 mg) and 7.5 mg poly(m-phenylenevinylene-co-2,5-dioctoxy-p-phenylenevinylene) (PmPV) were then dissolved in 10 ml 1,2-dichloroethane and sonicated for 1 h. The solution was ultracentrifuged at 40,000 r.p.m. for 2 h and the supernatant collected for experiments. Most nanoribbons in the final products were 1-2 layers thick 10,11 . Graphene nanoribbon device fabrication. The high-quality nanoribbon solution was spun on 300 nm SiO 2 /p þþ silicon substrate with pre-patterned metal markers, and AFM was used to locate individual 1-2-layer nanoribbons. Although some nanotubes were also deposited on the substrate, they were quite easy to recognize due to their much larger apparent height (. 4 nm) than the nanoribbons (, 1.8 nm) under AFM (Fig. 1a,b) . Extra care was taken to avoid contacting nanotubes during the device fabrication process, which was confirmed again by carrying out AFM on the finished devices. Electron-beam lithography was used to pattern the source/drain, followed by evaporation of 20 nm palladium and metal lift-off to form metal leads. The devices were finally annealed in argon at 200 8C for 15 min to improve the contacts.
Low-temperature measurement setup. The graphene nanoribbon devices were mounted in a variable-temperature insert for low-temperature measurements. The G-V gs characteristics of the nanoribbon devices were measured during cool downs using a standard semiconductor analyser (Agilent 4156C) with a low bias of V ds ¼ 1 mV. Below 50 K, we switched the measurement setup to a standard lock-in setup. We used two separate programmable d.c. sources (Keithley 237) for V ds and V gs and measured the differential conductance using a lock-in amplifier (Stanford Research Systems SR830).
TEM analysis. TEM samples were made on porous silicon grids (SPI Supplies, US200-P15Q UltraSM 15 nm porous TEM windows), and TEM was performed using an FEI Tecnai G2 F20 X-TWIN with an operating voltage of 200 kV.
